ABSTRACT Anti-vascular endothelial growth factor (VEGF) therapy has revolutionised the treatment of retinal disease, and appears to be very safe. Nevertheless, there are several lines of evidence that imply that small doses of these agents could potentially have a systemic effect. The clinical significance of these systemic effects remains unclear, but further study is indicated.
As an earlier adopter of off-label bevacizumab for retinal disease, I saw firsthand what a great improvement this class of agents offered over our previous treatments. However, as bevacizumab had not been through the usual FDA approval process for intravitreal use, I was vigilant in looking for signs of systemic effects. In 2006, I reported several patients with proliferative diabetic retinopathy (PDR) who exhibited changes in the fellow eye a week after bevacizumab injection. 1 If these observations were actually due to the small amount of drug released into the systemic circulation, I reasoned that we must have been using much higher doses than needed to inhibit retinal neovascularisation in the injected eye. Hence, I reduced the injected dose of bevacizumab down by 200-fold to 6.25 mg and was still able to see an effect on leakage of neovascularisation in the injected eye. 1 Although many fellow eye cases have now been reported, and I have observed it with ranibizumab, aflibercept and bevacizumab, most clinicians have not seen fellow eye effects and discount the plausibility that they occur. 2 3 Other evidence of systemic effects includes numerous reports of decreased systemic vascular endothelial growth factor (VEGF) levels following intravitreal anti-VEGF injections. Matsuyama et al reported a marked reduction in plasma VEGF levels 1 day, 1 week and 1 month after bevacizumab injection in patients with severe PDR, most of whom had rubeosis. 4 Carneiro et al compared the effects of intravitreal bevacizumab and ranibizumab on plasma VEGF in a prospective series of age-related macular degeneration (AMD) patients and found that the VEGF levels were much lower in bevacizumab than ranibizumab patients. 5 Zehetner et al found reduced plasma VEGF following injections of bevacizumab, but not ranibizumab or pegaptanib at 1 week and 1 month after treatment of diabetic macular oedema. 6 IVAN, the largest study to date to measure serum VEGF levels in AMD, reported a reduction of 69% for bevacizumab and 20% for ranibizumab at 1 year, and a reduction of 78% for bevacizumab and 28% for ranibizumab at 2 years. 7 8 In a small prospective study, we recently reported reduced plasma VEGF levels following bevacizumab and aflibercept injections, but with minimal reduction following ranibizumab injections (Avery et al 9 ). The effect was most prominent for aflibercept, where a dramatic reduction was noted 3 h after the first injection and persisted at 1, 3 and 7 days. The effect of bevacizumab was less dramatic after the first dose, but after the third monthly dose, systemic accumulation of bevacizumab was noted, and the reduction in VEGF was similar to that of aflibercept. In this study, the concentration of bevacizumab after the third dose exceeded the half maximal inhibitory concentration (IC 50 ) for VEGF, and coincided with the more dramatic reduction in plasma VEGF levels. The concentration of aflibercept after both the first and third doses exceeded the IC 50 , and corresponded to a marked reduction in plasma VEGF levels.
Many authors have measured systemic VEGF levels given the commercial availability of antibodies to VEGF; however, correlation to anti-VEGF drug levels is less commonly reported because it is more difficult to obtain antibodies to these agents. Nevertheless, the measurement of VEGF levels in the bloodstream is complex, and although different authors have reported similar relative results, the absolute VEGF concentration varies dramatically between studies. One obvious reason for this difference is the platelet-which contains large concentrations of VEGF. IVAN, which measured serum VEGF, reported very high VEGF levels, in part because the measurement included VEGF released from platelets. 7 Even plasma levels of VEGF vary between studies, in part because different anticoagulants are better than others for preventing platelet activation. 10 Despite the variation in absolute VEGF levels between studies, the recurrent finding is that bevacizumab lowers systemic VEGF levels much more than ranibizumab. 5 6 7 8 9 The most probable reason for this finding relates to the systemic half-life of the drugs. Bevacizumab and aflibercept contain an Fc fragment that binds an endothelial cell receptor and is recycled-thereby prolonging systemic half-life. Ranibizumab, on the other hand, lacks the Fc fragment and has a markedly shorter intrinsic systemic half-life. 11 In our recent human study, we measured the systemic exposure (AUC) after the third monthly intravitreal injection to be 13-fold greater for aflibercept than ranibizumab and 70-fold greater for bevacizumab than ranibizumab (Avery et al 9 ). These findings along with aflibercept's higher binding affinity help explain the observed differences in plasma VEGF levels.
Other studies have demonstrated differences between the drugs. Campochiaro and colleagues
Open Access Scan to access more free content showed a strong fellow eye effect following intravitreal injection of bevacizumab, but not ranibizumab, in two transgenic mice models secreting human VEGF. 12 Interestingly, in the more severe model, the eyes receiving saline injection whose fellow eye had received a bevacizumab injection had a better outcome than those eyes that received a direct ranibizumab injection. In other words, the fellow eye effect of bevacizumab was stronger than direct injection of ranibizumab. In rabbits and monkeys, bevacizumab has been detected in fellow eyes after intravitreal injection, but not ranibizumab 13 (Avery et al 14 )
. In the CATT trial, fellow eyes were evaluated to determine if there was a difference in the development of choroidal neovascularisation (CNV). 15 Although the difference was not statistically significant, at 2 years, the incidence of fellow eye CNV was diverging-developing in 20.6% of ranibizumab patients, and in 16.6% of bevacizumab patients, consistent with a potential protective effect of systemic bevacizumab. In addition, intravitreal bevacizumab, but not ranibizumab, was recently reported to reduce fellow eye thickness in a study of diabetic macular oedema (DME) patients. 3 One reason many clinicians discount fellow eye effects could be due to the Food and Drug Administration (FDA) labels for Lucentis and Eylea which imply that these drugs do not reach concentrations high enough to have a systemic effect. The Lucentis label states, 'In patients with neovascular AMD, following monthly intravitreal administration, maximum ranibizumab serum concentrations were low (0.3 ng/mL to 2.36 ng/mL). These levels were below the concentration of ranibizumab (11 ng/mL to 27 ng/mL) thought to be necessary to inhibit the biological activity of VEGF-A by 50%, as measured in an in vitro cellular proliferation assay' (IC 50 ). 16 However, a recent publication from Genentech cited the IC 50 to be 3 ng/mL, 17 and in new assays, they have reported the IC 50 of ranibizumab to be as low as 1.5 ng/mL. 18 Recently, pharmacokinetic data from the HARBOR study have been presented which show a number of individual patients receiving 0.5 or 2.0 mg ranibizumab were found to have serum ranibizumab levels a month after the last injection that exceed these IC 50 levels for VEGF of 1.5 or even 3 ng/mL (Avery 19 ). These findings raise the possibility of a systemic effect despite the current Lucentis label.
The Eylea label states, 'It is estimated that after intravitreal administration of 2 mg to patients, the mean maximum plasma concentration of free aflibercept is more than 100 fold lower than the concentration of aflibercept required to half maximally bind systemic VEGF.' 20 However, the label states that the mean maximum plasma concentration of free aflibercept after injection for AMD or retinal vein occlusion (RVO) was 20-50 ng/mL, which is over 10-fold higher than ranibizumab, and more importantly, more than 10-fold over the reported IC 50 of aflibercept for VEGF (1.8 ng/mL). 21 Given this relationship and the multiple studies showing a reduction in systemic VEGF after intravitreal bevacizumab, it is not surprising to observe a similar effect with aflibercept. In trying to reconcile the observation of dramatically reduced plasma VEGF levels after intravitreal aflibercept and the claim that the mean maximum plasma concentration of free aflibercept is more than 100-fold lower than the concentration of aflibercept required to half maximally bind systemic VEGF, it seems that the claim is based on a complex pharmacokinetic model of data following administration of large systemic doses of aflibercept. 22 However, despite the label and the model upon which it is based, the finding of markedly reduced VEGF levels makes the possibility of a fellow eye effect or other systemic effect biologically plausible.
A critical question arises, if VEGF levels are indeed reduced after intravitreal injection, 'So what?' We know that systemic administration of these agents is beneficial to cancer patients, and even with doses hundreds or even a thousand fold higher than intravitreal doses, the side effects are tolerable. Nevertheless, there are black box warnings such as severe bleeding, including central nervous system haemorrhage, and death with systemic administration. 23 24 Fortunately, in all intravitreal anti-VEGF registration trials, the incidence of the most important side effects, including cerebrovascular accident (CVA), myocardial infarction and death, has not been found to be significantly elevated (although the studies lack the power to adequately assess small differences in these uncommon events). 25 Of course, bevacizumab did not undergo registration trials for intravitreal use, but we can evaluate its safety based upon the comparative trials, CATT, IVAN, MANTA and GEFAL. 26 Most importantly, there was no safety signal for bevacizumab for any of the arteriothrombotic events (ATEs) or expected complications of systemic VEGF suppression. However, at 1 year, CATT reported that the bevacizumab treated patients had an increased incidence of systemic serious adverse events (SAEs) which were noted across many organ systems (and not necessarily related to known anti-VEGF complications). 27 This difference was hard to interpret, but persisted and somewhat increased at year 2. 28 A similar difference was also observed in IVAN at year 1. 7 When taken into account with the CATT data, the IVAN data safety monitoring committee informed patients that this difference was not felt to be due to chance. 29 Fortunately, by year 2 of IVAN, the imbalance had dissipated. 30 When looking at a meta-analysis of the four comparative trails at 1 year, the imbalance was consistent across all four, and was found to be statistically significant with an OR of 1.34. 26 Similarly, the meta-analysis of the 2-year trials, CATT and IVAN, also showed a statistically significant increase in risk of systemic SAEs with bevacizumab versus ranibizumab. 30 The CATT trial noted more systemic SAEs in the as-needed arm than the monthly arm, and commented that this lack of a dose response made causality less likely. 27 However, the IVAN trial also found the arm had a significantly higher risk of death and ATEs than the monthly arm, and despite other advantages of dosing, the final recommendation is for monthly dosing due to this increased risk of death. 30 Again, these findings may be hard to interpret, but VEGF's role in systemic disease may be more complex than in the eye, and it is conceivable that fluctuations in VEGF levels are of more concern than chronic suppression. Nevertheless, the IVAN study's recommendation to alter dosing based upon ATEs or death rates clearly implies that there must be a belief that there is a systemic effect of these intravitreal agents.
If indeed there are systemic effects of these agents, where might we expect them to be relevant? One patient population of concern is retinopathy of prematurity (ROP) where intravitreal bevacizumab use is increasing. Several years ago, I suggested using lower doses of anti-VEGF agents in ROP based upon my observations of the effects of lower doses on retinal neovascularisation in PDR. 31 The BEAT-ROP trial demonstrated bevacizumab's efficacy in treating posterior ROP, but discounted potential safety concerns, stating that due to bevacizumab's large size, it 'cannot penetrate the intact retina or escape the eye except in very small amounts. ' 32 I do not believe this to be correct as we had previously demonstrated penetration through the retina, and others had demonstrated that the Fc receptor could facilitate transport of antibodies from the vitreous across the retinal vasculature's endothelium into the circulation. 33 34 Furthermore, studies have now measured bevacizumab in the bloodstream after intravitreal injection for ROP with a significant reduction in VEGF levels. 35 In addition, fellow eye effects have also been reported in ROP. 36 These immature babies are still undergoing organogenesis, and VEGF is involved in many processes, including lung maturation. 11 In BEAT-ROP, there was an imbalance in deaths, with two in the laser arm and five in the bevacizumab arm, and this imbalance was more notable in respiratory deaths (one in the laser arm and four in the bevacizumab arm); however, these differences did not reach statistical significance. 32 An additional reason to reconsider dosing was provided by Lutty et al who used a canine model of ROP that mimics the size of human ROP eyes. 37 He showed that 5 mg of intravitreal VEGF trap inhibits the abnormal retinal neovascularisation without impairing retinal vasculogenesis or revascularisation as did higher doses. Hence, it seems reasonable to consider lower doses of anti-VEGF agents in treating ROP if not also using an agent with less systemic exposure. 38 Another group of patients of concern are those at risk for stroke. An interim analysis of the SAILOR trial produced a 'dear doctor' warning letter about the potential increased risk of CVA with 0.5 mg of ranibizumab versus 0.3 mg. However, by the end of the trial, the numbers were no longer statistically significant.
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A meta-analysis of SAILOR and four other AMD trials found no statistically increased risk of stroke with the higher dose of ranibizumab unless the patients were stratified with respect to their baseline stroke risk. 40 Within the group of patients at the highest risk of stroke, those patients treated with 0.5 mg of ranibizumab had a higher stroke rate versus sham treatment with an OR of 7.7. 40 Many subsequent trials have excluded patients with recent strokes, as this population may have up to a 10-fold increased risk of stroke. 41 Age is another risk factor for stroke. 41 When the VIEW studies were evaluated by the European Public Assessment Report and broken down by age, an imbalance was seen in the rate of cerebral vascular events in those over 85 years of age receiving aflibercept and ranibizumab.
42 At 1 year, this rate was 1.2% for ranibizumab and 7.1% for aflibercept, and at 2 years this rate was 3.4% for ranibizumab and 9.5% for aflibercept. This evaluation included transient ischaemic attacks (TIAs) that are not included in Antiplatelet Trialists' Collaboration (APTC) events, and as many of these patients suffered TIAs, this imbalance was not noted in APTC event rates. Diabetic patients have an inherent increased risk of stroke, and when they were studied in the RISE/RIDE trials of ranibizumab, an imbalance between stroke and death rates between 0.5 and 0.3 mg arms was noted and prompted Genentech to seek FDA approval of the 0.3 mg dose for DME. 43 A meta-analysis of 14 trials of ranibizumab where pairwise comparisons are available has recently been presented. This study of over 6500 patients showed no significant imbalances in the AMD and RVO patients, but in those with DME, imbalances were noted with respect to wound healing, stroke and death. 44 Sixteen patients in the 0.5 mg ranibizumab arm developed wound-healing complications, while only two did in the 0.3 mg arm, and none did in the sham arm. 44 Still larger numbers of patients have been evaluated in meta-analyses of Medicare databases to look for any differential risk of stroke between bevacizumab and ranibizumab use. 45 Unfortunately, it is very difficult to completely correct for biases such as socioeconomic status, which could affect the choice of drug and also impact the baseline risk of stroke. Hence, these studies are of limited value. With the widespread use of electronic medical records, hopefully registries will be used in the future to allow analysis of large numbers with more precise patient specific data. Analysis of large populations will be critical to identify if there is a systemic risk to these intravitreal agents, as individual trials are not powered to detect differences in uncommon events.
In summary, anti-VEGF therapy has revolutionised the treatment of retinal disease, and its impact is probably even greater in the retinal world than in oncology where these agents were first developed. The small doses used for eye disease seem to be safe, but these agents are very potent. Numerous studies show reduced systemic VEGF levels after intravitreal injections, and the systemic effect of ranibizumab appears to be the lowest, consistent with pharmacological differences between the agents. The trials comparing ranibizumab to bevacizumab have found an imbalance in development of systemic SAEs, which is biologically plausible based upon the differences in systemic VEGF levels. However, the significance of these SAEs remains unclear. There may be subsets of patients, such as ROP babies, patients with diabetes, the elderly or those with recent ATEs such as stroke, who may be at increased risk after intravitreal anti-VEGF injection, but further studies are required to evaluate this potential risk.
Correction notice This article has been corrected since it was published Online First. The sentence 'The CATT trial noted more systemic SAEs in the arm than the monthly arm' has been corrected to 'The CATT trial noted more systemic SAEs in the as-needed arm than the monthly arm'.
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